A wide range of tests has been reported that can be used for probing different aspects of the chemical and structural properties of cement paste and concrete at early ages. In principle, these tests should be complementary and their results could be integrated to develop a broader understanding of early-age behaviour. Under the auspices of the Center for Advanced Cement Based Materials (ACBM), an inter-laboratory study was undertaken to compare the results of several of these different test methods on a single cement. A large quantity of cement was homogenized by the Cement and Concrete Reference Laboratory (CCRL), as part of their proficiency sample program, and distributed to several ACBM researchers for independent testing. Aggregates for making mortar were supplied from a single source (graded Ottawa sand). Tests on pastes and mortars included calorimetry, compressive strength, Vicat needle penetration, chemical shrinkage, autogenous shrinkage, AC-impedance spectroscopy, time domain reflectometry, and ultrasonic shear wave reflectometry. Numerical simulations of the same materials were undertaken for comparison. Results from these tests will be compared with respect to the way in which they capture solidification and strength development.
INTRODUCTION
One of the most interesting and challenging aspects of studying cementitious systems at early ages (up to 7 d) is the large number of time-dependent observations that can be used to characterize the progress of the hydration reactions. Direct measurements of the volume fractions of each solid phase as a function of time, although ideal, are difficult to obtain under ordinary laboratory conditions. Indirect measurements, which characterize some property that is strongly correlated to the extent of hydration, are much more common. A large number of possibilities exist. Thermogravimetric methods are frequently used to measure the loss on ignition (LOI) of a partially hydrated cement paste. Calorimetric methods, which indicate the sum of the heat released by the collective chemical reactions, are also well established. Nuclear magnetic resonance spectroscopy (NMR) can detect the relative quantities of bound and free water in a paste, thereby providing an indication of the macroscopic degree of hydration. Alternatively, some indirect measures of structural development include measurements of setting time (e.g., by Vicat needle penetration), compressive strength, electrical impedance, and ultrasonic wave propagation.
To the extent that each of these indirect methods is strongly correlated to the degree of hydration of the system, they each should provide useful measurements of the early age solidification of the cementitious system, including setting and strength development. However, each method probes a different property of the system [1] . A great opportunity is available to attempt to reconcile the results of several different methods as a way to achieve greater understanding of the complex chemical and structural changes that occur during earlyage hydration.
To explore this opportunity, the Center for Advanced Cement Based Materials (ACBM) initiated a multi-laboratory study in the fall of 2004 on the early-age behavior of a single cement. Each of the previously mentioned characterization methods was used to track the course of hydration under various curing conditions. This paper reports on the results of that study and attempts to synthesize the various results in a way that might serve as a model for future investigations of this kind.
MATERIALS
A large quantity of proficiency sample 151 (hereafter called cement 151) was obtained from the Cement and Concrete Reference Laboratory (CCRL). This same cement was used for all the studies reported here. Proficiency sample cements are desirable for these studies because they are homogenized to ensure uniformity and they already have been subjected to a number of chemical and physical tests in about 200 independent laboratories around the world. A final report on the results of each proficiency sample is published [2] . Table 1 provides average values of selected properties of cement 151 as measured by these laboratories. The particle size distribution of cement 151 was measured using laser diffraction through a dilute suspension of the particles in 2-isopropanol [3] . The powder was characterized by scanning electron microscopy (SEM), X-ray microprobe analysis, and quantitative X-ray diffraction (QXRD). The procedures used for these methods have been described in detail elsewhere [4, 5 ] . Seven different image fields were analyzed at a magnification of 500×. Table 2 shows the mean and standard deviation for the volume fraction of each major mineral phase. 
EXPERIMENTAL METHODS

Electrical Conductivity using Impedance Spectroscopy (IS)
Electrical conductivity of a cementitious system can be measured in many ways. This study uses AC-impedance spectroscopy [6] . Two-point AC-IS measurements were made with a Solartron 1260 impedance/gain-phase analyzer [7] using Z-60 personal computer software for data acquisition. A 100 mV alternating (AC) voltage was used (1 V for the mortar cube specimens) over a frequency range of 10 MHz to 1 Hz and with twenty steps (logarithmic) per frequency decade. The impedance data were plotted in a Nyquist fashion (negative imaginary impedance versus real impedance). The real impedance value was taken at the intersection of the electrode and bulk resistance arcs. Two specimen geometries were used in this investigation. For the studies on the time of set, a cylindrical cement paste specimen (22 mm diameter and 51 mm height) was prepared with a water-cement mass ratio (w/c) of 0.485 [8, 9] . The specimen was cast inside a plastic mold and sealed immediately to prevent moisture loss or absorption. Further, the plastic mold was submerged in a water bath to provide an isothermal curing condition at 23 o C. Additional measurements were made using 50 mm x 50 mm x 50 mm cube specimens, also with w/c = 0.485, to describe strength development. For the studies on strength development, the measurements were made using a "wet" electrode technique, in which the steel electrodes were lightly pressed against sponges soaked in a conductive ionic solution to establish intimate contact with the sample. After demolding, measurements were made in all three directions of three samples at 1 d, 3 d, and 7 d.
The electrical conductivity of the paste (σ t ) was determined by normalizing the bulk resistance for the effect of specimen and electrodes geometry:
Eq (1) where k (in 1/m) is a geometric factor that was obtained experimentally [8] (15.76 for the set measurements and 1 for the cube measurements). Conductivity of a cement paste can be described by [10] :
Eq (2) where σ i is the conductivity, β i the connectivity, and φ i the volume fraction, of phase i (i.e., capillary porosity, hydration product, and unhydrated cement) in the hydrating cement microstructure. Since pore solution is the most conductive component in the cement paste, the equation 2 can be simplified to consider only the pore solution terms. It is believed that during set β decreases dramatically and the point of inflection on the σ t versus time curve appears to correspond with solidification; however, further work is needed to fully test this hypothesis [9] .
Time Domain Reflectometry (TDR)
Time domain reflectometry (TDR) is a form of high frequency dielectric spectroscopy that can compliment and extend the practical frequency range of other impedance/dielectric techniques, such as IS. It is a broadband technique that enables characterization over a frequency range from 10 3 -10 9 Hz. The sample was arranged in a capacitance sample cell that terminates a coaxial transmission line. A signal generator sends a voltage pulse with a very short rise time (20 ps) along the transmission line. The reflected voltage pulse, which includes quantitative information about the complex dielectric properties of the sample, is detected and analyzed. A HP 54120 digitizing oscilloscope [7] with a 54121A TDR sampling head is used to generate and detect the incident and reflected transients. Consecutive segments of the TDR reflected transient are analyzed using a variable time scale sampling method [11] . The reflected transient is then transformed into the frequency domain using a numerical Laplace transform. TDR measurements were made on only one small volume of sample, with w/c = 0.485, cast into a sealed cylindrical sample cell (22 mm diameter x 37 mm length). The coaxial wire was stripped back to expose an 8 mm length of the inner conductor, which was then inserted through a Teflon disc into the fresh paste. The shield of the coaxial cable was connected by metal foil on top of the Teflon disc (but insulated from the inner conductor) to the wall of the sampling container. The Teflon disc separated the shield from the cement. TDR measurements were made every 15 min after mixing until 2 h.
Pore Solution Electrical Conductivity
Cylindrical cement paste specimens (22 mm diameter and 51 mm height) were prepared with w/c = 0.485. Pore solution was extracted from the specimens by using pressure filtration or a high pressure steel die. Pressure filtration was used for specimens in the plastic phase (0.5 h, 1 h, 2 h, and 3.5 h of age). A 0.8 µm filter was used. The pressure was provided by a highpressure nitrogen tank and a maximum of 276 kPa (40 psi) was applied. Pore solution of the hardened specimens (5 h, 6.5 h, 8.5 h, and 10 h of age) was extracted using a high pressure steel die with a capacity of 550 MPa (80,000 psi) according to the procedure described in [12] . After extraction, pore solution was stored in small (2.5 mL) plastic containers and sealed immediately to prevent carbonation. Pore solution conductivity (σ o ) was measured using a conductivity meter connected to the impedance analyzer.
The combination of the paste conductivity and the pore solution conductivity can be used to provide information about the microstructure of the cement paste.
Ultrasonic Shear Wave Reflectometry
The principle of the wave reflection method consists of monitoring the reflection loss of ultrasonic waves with a frequency of 2.25 MHz at an interface formed by a steel plate and the cementitious material to be tested. An ultrasonic transducer is coupled to the steel plate, which, in turn, is brought in contact with the material when it is still in liquid or unhydrated state. As hydration proceeds, the wave propagation properties of the material change, which results in a variation in the reflection loss [13, 14] . The minimum specimen size is approximately a 50 mm × 50 mm × 50 mm cube. Measurements are made every 10 min. The reflection loss is obtained from the amplitudes of successive reflections received from the interface between the steel plate and the material. To determine the reflection loss, the time domain of the received reflections is transformed into the frequency domain by using a fastFourier transform algorithm. The reflection coefficient R is then calculated from the ratio of the amplitudes of the first and second reflections received from the interface between the steel and the cementitious material [13] .
When shear waves are used for the measurements and the material (e.g., cement paste) is in a liquid state, the entire wave energy, which is approaching the steel/specimen interface, is reflected, since shear waves cannot propagate in liquids. Thus, the reflection loss is zero. With continuing hydration the solids percolate and start building up a skeleton, thereby endowing the specimen with shear resistance. Shear waves therefore are able to pass the interface, with a corresponding increase in reflection loss. This time of increase previously was found to coincide with the occurrence of the percolation threshold determined by numerical simulation [15] and the onset of compressive strength measured on mortar specimens at very early ages [16] . Comparisons between time of initial set (determined by pin penetration) and time of increase in reflection loss curve showed that both values are consistently related, but are not identical [17] .
The reflection loss at the interface is related to the acoustic impedance of the cementitious mixture, which is the product of density and shear wave velocity. The wave velocity is in turn a function of the shear modulus of elasticity. The shear modulus of elasticity increases with hydration. Therefore, any other property or characteristic that is related to degree of hydration should have a relationship with reflection loss. Experiments have shown that reflection loss indeed is linearly related to direct measures of hydration, such as content of non-evaporable water, calcium hydroxide content, and chemical shrinkage [xii] . These relationships exist for approximately three days after mixing and depend on the w/c ratio of the material.
Vicat Needle for Set Time
In this study, the setting time of cement paste was measured by the Vicat Needle Test (ASTM C 101-04b). Conical ring specimens were prepared (70 mm diameter at bottom, 60 mm diameter at top, and 40 mm height) using the designated cement with w/c = 0.485. Initial and final time of set was determined using the Vicat Needle Test in accordance with ASTM C191. The time at which the Vicat needle penetrates about 25 mm into the specimen is interpreted as the initial set. The time at which the needle does not leave a complete circular impression on the paste surface is interpreted as the final set.
Deformation Measurement Using Embedded Strain Gages
The deformation of a sealed cement paste specimen was measured with a foil-type resistance strain gage embedded in a polymer composite starting from the time of casting. This method has been used in previous work to measure the autogenous and drying shrinkage of concrete [18, 19] . The sensor was mounted in a 102-mm × 204-mm (4-in × 8-in) cylindrical mold using a wire suspended through the center of the mold. The holes left by the wire were then filled using a putty sealant. The sides of the mold were coated with a debonding agent to prevent friction between the mold and the specimen. Cement paste with w/c = 0.485 was mixed according to ASTM 305 in a 3.29 L (4 quart) capacity Hobart mixer. The mix water temperature was 24 °C prior to mixing and the fresh paste temperature was 23 °C immediately after casting. The mixing procedure lasted approximately 20 min, after which the cement paste was cast directly into the mold. After waiting 5 min to observe bleeding, a barrier of self-adhesive aluminum foil was applied and all joints were double sealed to prevent evaporation of moisture. No evidence of bleeding was detected during this time period. Ideally, specimens should be rotated to prevent bleeding entirely, but unfortunately the sensor wires made it impossible for this experiment. The sensor was immediately connected to a strain measurement data acquisition system with a sampling rate of 10 min. The raw strain measurement was corrected for thermal output in the fresh state using a thermal output coefficient of 13.5 µm/m/°C obtained by cycling an unrestrained strain gage through temperature steps of 20 °C and measuring total strain. Fresh cement paste does not exert stress on the strain gage, so the correction results in near zero strain output before set. At some point, the corrected reading begins to show measurable strain and a rough estimate of the set time is obtained. From that point forward the strain measurement must be re-corrected for thermal dilation. After set, the correction coefficient is 10.3 µm/m/°C, obtained from the manufacturer of the strain gage. This measurement technique can be used to roughly estimate setting. As solidification occurs, the relative stiffness of the cement paste to the polymer embedded gage increases. At some point, the strain gage begins to register a measurable output due to autogenous shrinkage and thermal dilation. The interpretation is that the cement paste microstructure has developed enough stiffness to transfer stress to the gage, which estimates mechanical set. For this cement paste (CCRL 151, w/c = 0.485) the estimated setting time is 5.7 h.
Chemical Shrinkage
Measurement of chemical shrinkage [20] on cement pastes was performed in this study by monitoring the change in buoyancy that occurs for samples suspended in paraffin oil. Each chemical shrinkage test consists of deaired freshly mixed cement paste that was placed in a cylindrical glass crystallization dish (80 mm diameter and 40 mm height). A 200 g sample is the typical sample size used in this study. After the cement paste was placed in the glass crystallization dish, the specimens were vibrated until a uniform amount of paste was spread over the bottom of the dish. The cement paste layer thickness was approximately 17 mm. After vibration was complete, a layer of deaired and deionized water was applied to the surface of the paste with an eyedropper until a continuous film of fluid was formed. For the normal test conditions, 10 g of water were used. It should be noted that 10 g of water was chosen for two reasons. First, it would provide sufficient fluid to compensate for the roughly 7 % volume change that may be expected during hydration. Second, it would enable the entire surface of the cement paste to be covered with water (or the ponding fluid) during the test, since slight changes in balance could provide a layer of water of varying thickness across the top of the specimen. After the addition of water to the surface of the paste, paraffin oil was applied drop by drop, until it covered the entire surface of the water in the beaker. More paraffin oil was added until the crystallization dish was nearly completely filled. The crystallization dish was positioned on a stainless steel mesh platform that was suspended with monofilament multi-purpose fishing string lines from a steel hook. The hook was connected to a string and suspended from the high-precision balance plate. The crystallization dish was then gently lowered into a plastic container filled with paraffin oil (i.e., the container included approximately 5 L of paraffin oil). To maintain a constant sample temperature, the container of paraffin oil was submerged in a temperature regulated water bath at 23 °C ± 0.2 °C with water circulation, which contained approximately 25 L of distilled water. The majority of surface of the bath was covered with an acrylic plastic lid to reduce evaporation. The balance was placed on a massive weighing table to minimize vibrations. The submerged weight of the sample was recorded automatically every 10 min from the time the specimen was placed in the bath (approximately 30 min after the addition of water to the dry cement during mixing). Chemical shrinkage measurements generally will be presented as volume change per gram of cement in the mixture (mL/g of cement). Chemical shrinkage is the net volume change that accompanies the cement hydration reaction. Consequently, it is directly related to the extent/progress of hydration. Both the rate and extent of hydration are probed.
Autogenous Shrinkage
The measurement of autogenous strain was performed by monitoring the weight of a cement paste sample that was sealed in a membrane, submerged in paraffin oil, and suspended from a high-precision balance [20, 21] . For each test, 100 to 150 g of deaired, freshly mixed cement paste was cast in a membrane. Lura and Jensen [21] have illustrated the errors that can arise if a specimen absorbs water during the test. As such, the choice was made to suspend the specimens in paraffin oil and the membranes were carefully screened to avoid membranes that would absorb water or paraffin oil. The membranes consisted of polyurethane condoms with thickness 0.04 mm. It should be pointed out that the weight of the sample should always be monitored before and after the test to determine if liquid from the bath penetrated the membrane. The membranes were cleaned and any lubricants were removed with a paper towel. After cleaning, the membranes were filled with cement paste. The filled membrane was tightly closed with a knot, paying careful attention to avoid the entrapment of air bubbles. The excess part of the membrane was then cut off and a monofilament line was tied to the sample. The line, approximately 400 mm long, was tied to a stainless steel hook. The sample was then gently lowered into a plastic container filled with paraffin oil that was placed in the temperature regulated water bath.
The weighing accuracy of the balance results in a nominal accuracy on the measured strain of 0.5 µε, considering typical sample sizes and isotropic deformations. The actual uncertainty on the measurements is about 10 times higher, being dominated by a number of factors, including vibrations induced by the water circulation in the water bath.
Isothermal Calorimetry and Hydration Kinetics
Hydration of portland cement is an exothermic process; i.e. heat of hydration is a quantitative measure of the extent of hydration. In this study, the isothermal heat of hydration was measured on cement paste samples using an 8-channel conduction calorimeter (TAM AIR). Each calorimetric channel is constructed in a twin configuration, with one side for the sample and the other side for a static reference. The twin configuration enhances stability and helps canceling out noise within the system. The temperature stability of the equipment is within ± 0.02 o C, and the heat-sensing unit stability is ± 20 µ W. The samples were conditioned to the the desired temperature prior to mixing. The mixing time was around two minutes until the paste was homogeneous. The paste was charged into glass ampoules, which were then sealed to avoid moisture loss, and put into the testing channels. The average specimens weighed between 8 g and 10 g. Two specimens were tested for each mixture.
Semi-adiabatic Calorimetry
Heat development of the mortar specimen under semi-adiabatic conditions was measured for up to 14 d. This test was conducted to evaluate the proposed maturity function based on the absolute rate of hydration under non-isothermal conditions. The measured heat development in the concrete was converted to heat generation of paste in the concrete, based on the specific heat and mass proportions of each component. Two cylindrical specimens of 150 mm × 300 mm were tested and the average reported.
Numerical Modelling
The NIST VCCTL modeling package, which is based in part on the well known CEMHYD3D [22, 23] numerical models, was used to create three-dimensional (3-D) virtual cement paste microstructures of cement 151 and to simulate their microstructure development during hydration. The procedures for generating 3-D microstructures are reported in detail in the literature [23] . Stereological analysis was performed on the segmented SEM images described earlier, from which autocorrelation functions for each of the major clinker phases were calculated. Autocorrelation functions are used as a Gaussian filter to distribute the clinker phases statistically in three dimensions within and among the individual cement clinker particles, The particles themselves are placed with a size distribution according to that measured experimentally. The total number of particles randomly placed within a 100 3 pixel box is chosen to achieve a desired water-to-cement (w/c) ratio. Each cubic pixel in the box is 1 µm on a side. Unflocculated cement paste microstructures with w/c = 0.485 were created and hydrated isothermally at 23 °C using VCCTL. As described elsewhere [3, 4] , the model performs a large number n of iterative cycles, and the simulated age of the system is estimated by a parabolic relation, t = βn 2 . For cement 151, β = 0.00027 h/cycle 2 was chosen as the best overall fit to the experimental data at w/c = 0.485.
Four properties were tracked as hydration was simulated by VCCTL: degree of hydration, fraction of connected solids (an indication of initial setting time), compressive strength, and heat of hydration. Of these, the degree of hydration was used to calibrate the time conversion factor β against experimental measurements of the loss on ignition [23 ] of the paste hydrated to specified ages, and it will not be considered further.
RESULTS AND DISCUSSION
For ease of reference, the main features of each of the experimental methods described in the previous section, including estimated measurement uncertainties, have been captured in Table  3 . This table illustrates the names of the methods investigated and describes the primary way in which the test method stimulates the specimen as well as how the specimen responds Table 3 discusses whether the test is well suited for laboratory or in-situ applications. It also indicates weather the test is destructive or non-destructive. Finally, information is provided as to the way that the test could be used to determine the time of solidification or the relationship with the extent of hydration that has taken place. 
Time of Solidification
This section focuses on comparing the results of different testing methods with regard to the determination of solidification (setting) in the system at early ages. Figure 1 shows the relevant results of several of the methods. Most of the data in Fig. 1 were obtained from a mortar of CCRL 151 cement with w/c = 0.485 at 23 °C that was prepared in accordance with ASTM C305 using graded Ottawa sand with a sand to cement mass ratio of 2.75, with the exception of the embedded strain gage shrinkage, the isothermal calorimetry, and the VCCTL simulation (which were performed on cement paste with w/c = 0.485). For reference, the vertical dashed lines indicate the times of initial and final set as indicated by Vicat needle penetration, because this is the test with which most readers are familiar. The methods compared include the electrical conductivity of the paste, ultrasonic reflection loss, volume changed measured using an embedded strain gage, chemical and autogenous shrinkage measured volumetrically, and the volume fraction of percolated solids predicted by VCCTL simulation. Thus, the methods captured in Fig. 1 all measure different physical properties of a paste made with nominally identical materials and prepared under nominally identical conditions. The paste conductivity test (Fig. 1a) indicates the ease with which ionic species in the pore solution can be transported through the specimen. The conductivity test is sensitive to changes in pore solution composition, pore solution volume, and pore solution connectivity (i.e., tortuosity) of the saturated pore structure. Measurements of the pore solution conductivity during the first 10 h demonstrate a slight change from 2.98 S/m at 1 h to 3.1 S/m at 2 h and 6.5 h, and 3.3 S/m at 10 h. It has been suggested [9, 10] that the changes in the electrical conductivity at early ages are most directly related to changes in connectivity. As such, it has been proposed that the first derivative of conductivity with respect to time may indicate the time of set. Figure 2 shows typical Nyquist behavior (negative imaginary impedance versus real impedance) for the electrical impedance measurements (AC-IS) and time domain reflectometry (TDR) results at 45 min. The frequency increases from right to left in the graph and corresponding numbers represent the base 10 log of frequency (Hz). The beginning of an arc seen at low frequencies (right side) is a result of the electrode behavior and is external to the specimen. At higher frequencies (left side), the bulk arc of the plain mortar is clearly evident in the TDR measurement, however this is not seen for the electrical impedance specimen. The electrical impedance specimen is unable to resolve the bulk arc of plain mortar specimens at early times (< 4 h or the time at which solidification is expected to occur) due to machine limitations. Despite this limitation in the impedance test, both measurements have a cusp between the two arcs that represents the bulk resistance (R) of the plain mortar and this cusp appears to correspond to a similar bulk resistance. It is also encouraging to note that both laboratories reporting the electrical response reported similar results even though different sample sizes and geometries were used. Figure 1b shows the results of the embedded strain gage and the ultrasonic wave reflection measurement. The ultrasonic wave reflection measurements determine the shear wave propagation properties of the material and are therefore expected to probe the developing solid structure. Shortly before the time of initial set, the reflection loss starts to increase; this behavior has been thought to be related to the increasing presence of solid microstructure [14] . The value of the reflection loss at the time of initial set is similar to previously reported results [xii] . The deformation measurement records a transfer of stress to the embedded strain gage, and therefore indicates the increasing stiffness of the bulk paste relative to the polymer gage. The principle is similar to penetration resistance methods, where external deformation is related to the relative stiffness between cement paste and the penetration apparatus. For internal deformation, the magnitude of strain reflects both the developing stiffness and the driving forces for shrinkage and thermal dilation. Due to early creep in the cement paste specimen, the intended focus is the time of stress transfer to the gage and not necessarily the magnitudes of the strain. It should be noted that the presence of the strain gage is likely to cause the formation of an interfactial transition zone (ITZ) in the adjacent binder. An ITZ will have a higher w/c ratio than the bulk paste, and this could increase the local setting time. The magnitude of this effect has not yet been assessed. Figure 1c shows the results of chemical and autogenous shrinkage measurements performed on a mortar specimen. Gravimetric shrinkage measurements performed on cementitious samples monitor the submerged weight change in the sample as increasing hydration results in a net reduction in volume. The chemical shrinkage measurement correlates to the degree and extent of hydration experienced by the mortar specimen while the autogenous shrinkage response describes the volumetric deformation experienced by the sample. When the mortar is in the fluid state, the chemical and autogenous responses are similar, as the fluid nature of the mortar prevents the formation of empty pores. As the mortar starts to solidify, the formation of a rigid microstructure causes the chemical and autogenous shrinkage responses to diverge as the volumetric deformation begins to stabilize and the chemical shrinkage measurement dominates. In a cement paste, the deviation in the chemical and autogenous shrinkage measurements indicates solid formation in the system. It can be seen in Fig 1c that these measurements diverge at 2 h. The appearance and subsequent reabsorption of bleed water into the sample is believed to introduce error in the experimental outcome. This would explain the swelling of the cement paste and the age discrepancy in the time of deviation (2 h) of the shrinkage response and Vicat set time of the mortar. It is interesting to note that the end of expansion in the mortar correlates to the time of initial set (3.83 h). This may be due to the formation of a rigid skeleton at this age; however, further work is needed to investigate the effects of bleeding.
The VCCTL prediction indicates the connectedness of solids in the simulated paste, and should therefore be a direct measure of the percolation of the solid phase to the extent that the simulated microstructure is an accurate representation of the actual paste microstructure.
Correlations between the methods are immediately evident in Fig. 1 . First, the peak in the heat release corresponds with the time of final set. In addtion, the VCCTL prediction of percolation correlates quite closely with the change in the rate of electrical conductivity and the initial setting time measured by the Vicat test, but seems to be uncorrelated with the Vicat final setting time. Correlations between initial set and solids percolation have been reported on other cements as well [24, 25] . The observed correlation with set supports observations reported previously on other cement pastes [9] . The methods that directly probe the mechanical properties of the paste, ultrasonic reflection loss and deformation, are not correlated in any obvious way to each other. The deformation measurement is definitely sensitive to changes in the microstructure that occur during the time interval in which the other methods indicate setting to occur. This method registers transfer of stress to the strain gage about an hour after the Vicat needle penetration and the VCCTL prediction indicates initial set, although the later time indicated by the strain measurement might be attributed partly to the formation of an ITZ around the strain gage as previously noted. The increase in load resistance is similar to the sharp rise in the percolated solid fraction predicted by VCCTL, although the increase is less rapid. This is understandable if we assume that the structure formed immediately upon geometric percolation is exceptionally weak and unable to sustain loads until more solid is added to the backbone. The ultrasonic wave reflection measurement shows a steady, nearly linear, increase from an age of approximately 2 h onward. A previous report [17] has indicated that the initial increase in reflection loss (occurring at about 3 h here) is related to the time of initial set as measured by Vicat needle penetration.
Determining Strength Development
With regard to strength development, Figure 3 compares the relevant methods from among those that were used in this multi-laboratory investigation.
All the experimental measurements in this case were made on mortar cubes conforming to the ASTM C109 test method for compressive strength. The VCCTL predictions were made by measuring the gelspace ratio of the simulated microstructure as a function of time, and using the relation of Powers to compute compressive strength, in which the exponent of the gel-space ratio is 2.6 and the leading coefficient is calibrated to the experimental compressive strength (ASTM C109 test method) measured at 7 d. The ultrasonic wave reflection data and electrical resistance data each have been scaled by constant conversion factors of 10 MPa/dB and 0.05 MPa/Ω, respectively, to bring them within as close agreement as possible with the ASTM C109 strength measurements. The values of heat release (Q, in J/g) have been converted to compressive strength, (σ, in MPa) using a fit determined from experimental measurements by Hansen [26] : σ = 0.0001 Q 2 + 0.0353 Q. At later ages, these two methods appear to diverge, with the VCCTL prediction increasing more rapidly than the reflection loss data. On the other hand, the electrical resistance of the mortar increases in a manner that is qualitatively similar to that shown by the other methods, although the increase in resistance is greater at earlier ages and lesser at later ages. An interesting trend in Fig. 5 is that the VCCTL data tend to follow the ASTM C109 measurements fairly accurately, and the ultrasonic reflection measurements tend to agree more closely with the mortar electrical resistance methods. Reasons for this apparent tracking of ultrasonic reflection and mortar electrical resistance would seem to warrant additional detailed investigation, because the agreement may be due to some common underlying structural cause. As mentioned earlier, these two methods are measuring entirely different physical quantities. Increases in electrical resistance reflect changes in the volume and tortuosity of the saturated porosity, while increases in reflection loss measures the shear modulus of the cement paste in a layer near the transducer. Neither of these is a direct measure of mortar compressive strength. The Young's modulus of concrete usually can be empirically correlated to its compressive strength [27] , so one might also expect an empirical correlation between shear modulus of cement paste and the compressive strength of a mortar made from that paste. However, a true correspondence between paste shear modulus and electrical resistance of the mortar would seem to indicate a fundamental topological and morphological relation between the two interpentetrating 3-D networks in the paste itself, namely the saturated porosity and the connected solids.
Up to 7 d of hydration, the total heat release measured on concrete specimens, using cement 151 as a binder, underestimates the mortar compressive strength (see Fig. 3 ). However, this discrepancy should not be judged too severely for a couple reasons. First, the second-order relation used to convert heat release to compressive strength has been obtained as a best-fit relation for several different concretes using different cement binders. Second, the strength values that were used to make the correlation were obtained on cylindrical concrete specimens instead of ASTM C109 mortar cubes. It is somewhat surprising that the strength estimates for concrete should be lower than for mortar, but the actual strength values depend on the specimen geometry (cylindrical versus cubic) and, more importantly, on the mix proportions and the details of the mixing procedure. Slight variations in air content, for example, are known to significantly influence compressive strength.
Discussion of Temperature Effects on the Rate of Hydration
In addition to the work on setting and strength development, Hansen and co-workers at the University of Michigan have investigated methods to account for temperature effects. They have determined activation energy from heat of hydration curves (Fig 4) obtained from specimens at three temperatures 15 °C, 23 °C, and 35 ºC. To obtain the activation energy, the heat of hydration curves were normalized for relative degree of hydration, here referred to as Q/Q 100D as shown in Figure 5 , where Q is the cumulative heat of hydration, and Q 100D is the long-term (100 d) heat. The general form of a rate function for cement hydration can be written as:
where α is the degree of hydration and T is the specimen temperature. This equation is often separated into temperature-dependent and microstructure-dependent parts:
where ) (α g is a function of the degree of hydration and ) (T k , the rate constant, is a function of temperature. The rate constant therefore can be calculated from:
Eq (5) where E a is the activation energy (J/mol) and R is the universal gas constant (8.314 J/mol/K). Using the above equations, an apparent activation energy of 41.3 kJ/mol is found from the start of hydration to about 100 d. An ongoing study by Hansen and co-workers also proposes that the total rate curves can be separated into two rate-controlling processes (i.e. nucleation followed by diffusion) as illustrated in Fig 5. 
SUMMARY
In conclusion, this paper has reported results from a series of tests that probe different aspects of the chemical and structural properties of cementitious systems at early ages. 
